Histone proteins contain epigenetic information that is encoded both in the relative abundance of core histones and variants and particularly in the posttranslational modification of these proteins. We determined the presence of such variants and covalent modifications in seven tissue types of the anuran Xenopus laevis, including: oocyte, egg, sperm, early-embryo equivalent (pronuclei incubated in egg extract), S3 neurula cells, A6 kidney cells, and erythrocytes. We first developed a new robust method for isolating the stored, predeposition histones from oocytes and eggs via chromatography on heparin-sepharose, while we isolated chromatinized histones via conventional acid-extraction. We identified two previously unknown H1 isoforms (H1fx and H1B.Sp) present on sperm chromatin. We immunoblotted this global collection of histones with many specific post-translational modification antibodies, including antibodies against: methylated histone H3 on K4, K9, K27, K79, R2, R17, and R26; methylated histone H4K20; methylated H2A and H4 R3; acetylated H4 K5, K8, K12, K16 and H3 K9 and K14; and phosphorylated H3S10 and H2A/H4S1. Furthermore, we subjected a subset of these histones to two-dimensional gel analysis and subsequent immunoblotting and mass spectrometry to determine the global remodeling of histone modifications that occurs as development proceeds. Overall, our observations suggest that each metazoan cell type may have a unique histone modification signature correlated with its differentiation status.
Histone proteins contain epigenetic information that is encoded both in the relative abundance of core histones and variants and particularly in the posttranslational modification of these proteins. We determined the presence of such variants and covalent modifications in seven tissue types of the anuran Xenopus laevis, including: oocyte, egg, sperm, early-embryo equivalent (pronuclei incubated in egg extract), S3 neurula cells, A6 kidney cells, and erythrocytes. We first developed a new robust method for isolating the stored, predeposition histones from oocytes and eggs via chromatography on heparin-sepharose, while we isolated chromatinized histones via conventional acid-extraction. We identified two previously unknown H1 isoforms (H1fx and H1B.Sp) present on sperm chromatin. We immunoblotted this global collection of histones with many specific post-translational modification antibodies, including antibodies against: methylated histone H3 on K4, K9, K27, K79, R2, R17, and R26; methylated histone H4K20; methylated H2A and H4 R3; acetylated H4 K5, K8, K12, K16 and H3 K9 and K14; and phosphorylated H3S10 and H2A/H4S1. Furthermore, we subjected a subset of these histones to two-dimensional gel analysis and subsequent immunoblotting and mass spectrometry to determine the global remodeling of histone modifications that occurs as development proceeds. Overall, our observations suggest that each metazoan cell type may have a unique histone modification signature correlated with its differentiation status.
The fundamental unit of chromatin is the nucleosome, composed of DNA wrapped around an octamer of two copies of each of the four core histones. The histone proteins are subject to a wide range of post-translational modifications, including, but not limited to, acetylation, phosphorylation, methylation, and ubiquitylation.
These modifications are hypothesized to constitute a "histone code" that promotes or inhibits all of the chromosomaltransactions that occur in the cell (1) . Variant histone proteins, found in a subset of nucleosomes, provide additional complexity to the code (2, 3) . The modifications and variants at a particular chromosomal locus putatively function by recruiting or repelling, in a multivalent fashion, specific activators or repressors, chromatin remodelers, and other proteins (4, 5) .
Post-translational covalent histone modifications have been identified in many organisms with a variety of techniques, including chromatography and spectroscopy, mass spectrometry (6) , and specific antibody detection (7, 8) . Many of the modifications have been strongly correlated with specific cellular functions, including transcriptional activation (e.g. H3K4 methylation, H3 and H4 lysine acetylation, and H2B ubiquitylation) (9) , transcriptional elongation (H3K36 methylation), 2 transcriptional repression (H3K9 methylation, H3K27 methylation, H4K20 methylation, and H2A ubiquitylation) (10) , and cell cycle progression (H4K20 monomethylation, H2A/H4S1 phosphorylation) (11, 12) .
Dynamic changes in these modifications can occur on individual gene loci and genome wide, but in a particular cell type may be strongly correlated with the overall genetic activity of that cell. Many studies have recently observed a few histone modifications in a genome-wide view using new chromatin-immunoprecipitation techniques coupled in-line with high-throughput DNA sequencing to determine the specific genomic location of those modifications (13) . These studies have demonstrated how different the histone variant and modification profile is at different genomic loci within the same cell type.
The maturing Xenopus oocyte and laid egg have an accumulated store of nonchromatinized, pre-deposition histones complexed with chaperones, including Nucleoplasmin (H2A and H2B) and N1 (H3 and H4) (14, 15) . H4 has been shown in many species, including Xenopus, to be acetylated on K5 and K12 prior to deposition during S-phase (16) ; the role of these modifications is still unknown. The store of histones in the egg has been hypothesized to be required for the rapid cell cycles in the developing frog prior to the mid-blastula transition (MBT) (17) . At the MBT, zygotic transcription starts and the cell cycles slow down with the acquisition of gapphases and a longer S-phase (18) . Early evidence suggested that there is an adequate store of histones in the egg to complete the exponential increase in chromatin during the 12 cell cycles prior to the MBT (19) (20) (21) . However, histone transcripts do exist in the egg and early embryo (22) and histone translation does occur (23) , suggesting that this protein store may not be the entire complement of histones that is used. Furthermore, other than the pre-existing H4 acetylation (24), no other modifications have been demonstrated on the stored histones in Xenopus eggs. We do note that H3K9me was observed on pre-deposited histones in cultured mammalian cells (25), suggesting that there are likely to be a variety of modifications present on histones prior to chromatin assembly that may play a role in potentiating an epigenetic state.
Considering the range of different histone variants and modifications that have been discovered, we hypothesized that different cell types may have their own global index of histone-modification enrichments in total. We also were interested in analyzing the histone modification and variant transitions during remodeling of the early embryo. Therefore, we isolated histones from seven distinct cell types of the frog Xenopus laevis, including: stored oocyte; stored egg, sperm; early-embryo equivalent (pronuclei incubated in egg extract); S3 tissue-culture cells (derived from a neurula explant); A6 tissue-culture cells (derived from an adult kidney); and the nucleated, terminally differentiated, and completely silenced erythrocytes of the adult frog (26). We subjected these histone proteins to a variety of analyses, including immunoblotting with specific posttranslational modification antibodies (this manuscript) and high-resolution mass spectrometry (accompanying manuscript). The isolation procedure for the stored egg histones described in the literature utilized a guanidine/alcohol-precipitation step that only had a historical basis for its application (27-29); furthermore, there was no evidence presented that the entire complement of histones was actually isolated. Therefore, we developed a new approach for the stored histone isolation (in both oocytes and eggs) that we present here. We finally conclude with a summary of the modification index and the transitions that occur from oocyte, egg and sperm through the early embryo.
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EXPERIMENTAL PROCEDURES
Extract Preparation-Xenopus interphase egg extract was prepared as described (30). Clarified egg extract was prepared from lowspeed supernatant that was spun in an SW-55 rotor at 50,000 RPM x 2 hours. The clarified middle layer was removed and respun for 30 min, glycerol added to 5%, aliquoted, and flash frozen. Xenopus oocyte extracts were prepared from freshly dissected ovaries by disrupting the follicular layer with a 3 hour digestion with Dispase II (40 mg /100 ml) at room temperature followed by a 1 hour digestion with collagenase (50mg /100ml), all in 1X Merriam"s buffer (10mM Hepes pH 7.8, 88mM NaCl, 3.3mM Ca(NO3)2, 1mM KCl, 0.41mM CaCl2, and 0.82mM MgS04). The defolliculated oocytes were then washed extensively with 1X Merriam"s containing 200mM sucrose and 1mM DTT and the later staged oocytes settled to the bottom (the less-dense stage I and II oocytes were mostly lost during the preparation). The oocytes were settled in 13x51 mm Beckman ultracentrifuge tubes and excess buffer removed. They were then spin-crushed at 35,000 RPM (150,000g) x 40min in an SW-55 rotor. The middle layer was removed with a pipet and respun for 30min. The middle layer was again removed, glycerol was added to 5% final, and the extract was aliquoted and flash frozen in liquid nitrogen.
Pronuclei ("early-embryo equivalent") preparation and chromatin isolation-Pronuclei were prepared by swelling 12,000/ l demembranated sperm chromatin in 2ml of interphase egg extract until mid-to-late S-phase, (determined by DAPI staining and microscopy showing the appearance of rounded, large, membranated nuclei with recondensing chromatin). The suspension was raised to 10ml total with ELB-CIB buffer (10mM Hepes pH 7.8, 250mM sucrose, 2.5mM MgCl2, 50mM KCl, 1mM DTT, 1mM EDTA, 1mM spermidine, 1mM spermine, 0.1% Triton-X 100, 10mM sodium butyrate, 1X phosphatase inhibitors and 1X protease inhibitors), mixed, and incubated on ice for 10 min. The chromatin was isolated via centrifugation at 4000 RPM for 5 min through a 1ml sucrose cushion of ELB-CIB with 0.5M sucrose underlayered in the tube. The pellet was washed once with ELB-CIB + 250mM KCl.
Erythrocyte preparation-Five frogs were sacrificed and bled into an ice-cold solution of 150mM NaCl, 10mM Hepes pH 7.9, and 5mM EDTA (31). The blood-containing suspension was filtered through 10 layers of cheesecloth and centrifuged at 4500 RPM x 10min. The pellet was washed twice with Buffer X (10mM Hepes pH 7.8, , 80mM KCl, 15mM NaCl, 5mM MgCl2, 1mM EDTA) with added 0.2M sucrose and protease inhibitors (Roche COMPLETE) and spun at 4000 RPM x 10min in a tabletop swinging bucket centrifuge. The pellet was then resuspended in a low-salt/hypotonic buffer containing 10mM Hepes pH 7.9, 5mM MgCl2, 10mM KCl, 1mM DTT, 0.5% NP40 and 10mM sodium butyrate, phosphatase inhibitors, and protease inhibitors. The suspension was pipeted up and down on ice for 10 minutes and then layered over 2ml of Buffer X with 0.5M sucrose and 0.03% BSA. This was spun at 4000 RPM x 10min in a tabletop swinging bucket centrifuge and repeated over Buffer X with 1M sucrose; white nuclei remain (the red hemoglobin was in the supernatant at this point, indicating complete lysis of the cells). The erythrocyte nuclei were spun at 14,000 RPM x 1 min, the supernatant removed, and resuspended in Buffer X + 0.5M sucrose + 0.3% BSA, protease inhibitors, 10mM sodium butyrate, and 1mM DTT. The nuclei were counted, aliquoted, and flash frozen.
Tissue culture-Xenopus S3 and A6 tissueculture cells were grown in 60% Liebowitz L15 medium with 10% FBS at room temperature in a laboratory drawer according to standard tissue culture techniques.
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Histone isolation-Histones from sperm chromatin, S3 and A6 tissue culture cells, and erythrocyte chromatin, were collected and isolated in the presence of 10mM sodium butyrate and acid-extracted as described (32).
Pronuclei were isolated from egg extract as described above, washed with 300mM NaCl, and acid-extracted.
Stored histones from oocyte and egg extracts were purified by chromatography on heparinsepharose. 1g of heparin-sepharose CL-6B dry resin (GE Healthcare 17-0467-01) was swollen and washed in Buffer H (40mM Hepes pH 7.8, 10% glycerol, 1mM DTT and 1mM EDTA). 3ml of swollen resin was collected and 3ml of clarified egg or oocyte extract, containing fresh 10mM sodium butyrate, phosphatase inhibitor cocktails and protease inhibitor cocktail, was applied "batch" form. 20ml additional Buffer H was added. The tube containing the resin and extract was rotated for 2 hours at 4 C and then the suspension was spun down at 4000 RPM for 4 minutes. The supernatant ("flow-through") was collected and then the resin was washed 4X with 50ml of buffer H with inhibitors, followed by transfer to a disposable plastic column. The resin was then washed with 30ml buffer H + 0.1M NaCl, then 30ml buffer H + 0.5M NaCl. The histones were then eluted from the heparinsepharose with 15ml buffer H + 2M NaCl. The eluent was diluted to 40ml with H2O and 10ml 100% TCA was added to 25% final w/v and the tube was incubated on ice for 30 minutes. The suspension of precipitated histones was spun in an SS34 rotor at 10,000 RPM for 10 minutes and the supernatant discarded. The precipitate was washed twice with 100% ice-cold acetone and then briefly air-dried.
The histones were dissolved in 1ml H2O and used for subsequent analysis.
Immunoblotting-Histones were run on homemade 17% (37.5:1 acrylamide:bis) 0.75mm-thick SDS-PAGE gels and transferred to PVDF (Millipore) using 1X NuPAGE transfer buffer (Invitrogen). Membranes were stained using Direct Blue 71 stain to ensure proper transfer; any membranes with inadequate or uneven transfer were discarded. Membranes were blocked in 1% ECL Advance blocking agent (GE Healthcare) and blotted with antibodies from Millipore and Abcam (listed below).
Secondary horseradish peroxidase coupled antibodies were applied and then visualized using ECL Advance, with images captured using the Fuji LAS-3000 digital system. Images were incrementally exposed until CCD saturation and the exposure before saturation was used for analysis. Images were aligned with molecular weight markers by simultaneous capture of the lit membrane and subsequently cropped and levels-adjusted for contrast in Adobe Photoshop; no exposed bands were eliminated upon adjustment. Two-dimensional gel analysis-Purified histones were run on a two-dimensional tritonacid urea/SDS gel and transferred to PVDF as described (33).
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Mass spectrometry analysis of gel slicesCoomassie-stained gel bands of interest were excised and digested with trypsin, as previously described (34). Following enzymatic digestion, peptides were extracted, dried down completely and stored at -35°C prior to analysis. Peptides were resuspended in 0.1% acetic acid and loaded onto fused silica microcapillary precolumns ( Peptides were gradient-eluted into a Thermo Electron LTQ-Orbitrap utilizing an Agilent 1100 series HPLC (Palo Alto, CA) with a gradient of 0-60% B in 60 min, 60-100% B in 3 min, and held at 100% B for 4 min (A = 0.1% acetic acid; B = 70% acetonitrile in 0.1% acetic acid). MS data was searched against a database of Xenopus and human proteins (for detection of contamination and for completeness as not all Xenopus protein sequences are archived) from the non-redundant (NR) database from NCBI utilizing the Open Mass Spectrometry Search Algorithm (OMSSA). CAD spectra of peptides from proteins receiving at least two search hits were manually inspected and verified.
RESULTS
We initially wanted to examine the stored histones in the Xenopus egg and oocyte, known to be complexed with the chaperones nucleoplasmin and N1.
The published procedure of guanidine / alcohol precipitation (35)did not lead to an appreciable enrichment of histones in our hands (data not shown), nor did acidifying the extract and collecting the remaining soluble material (data not shown). Furthermore, immunoprecipitation of the chaperone nucleoplasmin did not enrich a significant mass of histones (data not shown), consistent with published reports (36). Conventional ion-exchange chromatography resolves the histones into a variety of subpopulations (37) which would complicate subsequent analysis. Therefore, we applied crude oocyte and egg extracts to heparinsepharose (previously utilized to separate histones (38)), a highly negatively charged matrix that mimics the electrostatics of DNA, the native partner of histones ( Figure 1a shows a schematic of isolation of histones from a variety of native sources). Figure 1b shows the highly enriched elution of all four core histones from the heparin-sepharose in 2M NaCl ( Figure 1 only shows purified egg histones, but oocyte histones behaved identically). These histones are non-chromatinized, pre-deposition histones. In Figure 1c , western blotting with antibodies against H2A, H2B, H3 and H4 show that the histone population is largely retained on the resin until complete elution with high salt, as no histones remained on the resin. Some H2B did not bind to the heparin sepharose, as seen in Figure 1c . Also note that the antibodies against histones H2A and especially H4 did not recognize any protein in the crude extract but did recognize the purified protein. We have consistently observed this lack of H4 antibody binding in crude extracts (D.S., unpublished observation).
The eluted histones were precipitated and re-dissolved into water and used for subsequent analysis. Based on the HPLC traces from the purified histones, equivalent amount of all four core histones were present in the oocyte and egg heparin fractions ( Figure 1 in accompanying manuscript).
We also isolated histones from pronuclei assembled in interphase egg extract from sperm chromatin.
We incubated demembranated 6 sperm chromatin in low-speed supernatant of Xenopus eggs until mid-S phase (as determined by the DAPI-stained appearance of the nuclei) and isolated the chromatin through a sucrose cushion. We then used conventional acidextraction to isolate those histones from the pelleted chromatin ( Figure 1d , 2 nd lane). We have denoted these as "early-embryo equivalent" histones as that concentration of pronuclei is equivalent to the DNA:cytoplasm ratio at or before the mid-blastula transition. Figure 1d (1 st lane) shows the acid-extracted histones from sperm chromatin before incubation in egg extract. The remodeling of chromatin-bound proteins promoted by incubation of sperm chromatin and also of erythrocyte chromatin in egg extract was dramatic, as illustrated by the coomassie-stained gel of the proteins acidextracted from the chromatin (Figure 1d and e). Therefore, we identified a number of the proteins present on the remodeled chromatin by mass spectrometry, as tabulated in Figure 1f . Remarkably, the more physiological embryonic pronuclei produced by incubation of sperm chromatin and the exogenous addition of terminally differentiated erythrocyte nuclei resulted in an almost identical deposition of proteins (as apparent in the Coomassie stained bands). This is consistent with the known ability of the Xenopus egg extract in reprogramming somatic nuclei. The identified proteins that are not present in the sperm sample alone, but are observed upon remodeling of the sperm in egg extract, include a variety of maternal (egg) factors that are necessary for a variety of cellular processes, including the embryonic histone H1 variant (B4), highmobility group (HMG) proteins that are involved in remodeling chromatin, DNA replication factors (RFC and PCNA), and the maternal histone chaperone Nucleoplasmin (Figure 1f) . In Figure 1d , we also highlight the presence of a previously unidentified Xenopus spermspecific linker histone H1-variant annotated as "H1fx" in the NCBI database (GI # 83318207), with about 50% homology to mammalian H1x protein (Supplemental Figure S1 ). H1x is an H1-variant that appears to be present in chromatin inaccessible to micrococcal-nuclease, although very little is known about it (39). We also identified the sperm-specific basic protein 4, as determined by mass spectrometry of the gel slices. Intriguingly, there is some evidence that sperm-specific basic proteins are related to the H1x family of proteins (40). These two proteins are rapidly lost from decondensing sperm pronuclei in egg extract.
We also isolated histones from two Xenopus cultured cell lines, one derived from a neurula explant (S3 cells) and one from adult kidney (A6), as well as from the nucleated erythrocytes of an adult frog. In total, these tissues (oocyte, egg, sperm, early-embryo pronuclei, S3, A6, and erythrocyte) give a lifespan representation of cell types of the frog. The isolated histones were evenly loaded on gels and then coomassie stained (Figure 2a) .
We then immunoblotted these samples for the core histones H2A, H3, and H4 and for the H2A-variant H2A.Z (Figure 2b ). Note that while H3 and H4 are evenly represented among the tissue types, H2B abundance is substantially decreased in the sperm, and a number of variants of H2A are apparent, including a doublet in the oocyte, egg, and early-embryo samples. The slightly higher molecular weight H2A isoform is an embryonic-specific H2A.X (D.S., R.C., J.S., D.F.H. and C.D.A, manuscript submitted).
We then applied a large collection of posttranslational modification-specific antibodies to this collection of histones (coomassie stain of histones shown in Figure 3a , cropped from Figure 2a for clarity and reference). Figure 3b shows the relative enrichment of lysine methylation states (mono-, di-, and tri-) on H3K4, H3K9, K3K27, H3K79, H4K79, and H4K20.
Note that lysine methylation is 7 underrepresented in the embryonic cell types (oocyte and egg in particular) and more abundant in somatic cell types. Figure 3c shows the relative enrichment of lysine acetylation on H4K5, K8, K12, and K16 and on histone H3 and specifically on K9 and K14. Note that H4 lysine acetylation has a relatively high abundance in the stored oocyte and egg samples, consistent with the known pre-deposition role for the acetylation. Figure 3d shows the relative abundance of arginine methylation states on H2A and H4 R3 (mono-, symmetric di-, and asymmetric di-), the H2A/H4 citrulline 3 deiminiation product, and on H3 R2, R17, and R26. In contrast to lysine methylation, arginine methylation is overrepresented in the embryonic tissue types relative to the somatic cell types. Note that we observed that R3 methylation was more abundant on H2A.X than on canonical H2A in the oocyte and egg, hence its slower migration (lanes 4 and 5) compared the R3me-stained band in the somatic cells (lanes 5 and 6) (also data not shown).
We then probed these histones for phosphorylation on H2A/H4 S1, which is extremely abundant in the early-embryo fraction, consistent with the rapid cell cycle status of that fraction and the known enrichment of S1ph during S and M phases. Finally, we probed the histones for phosphorylation on H3S10, known to be a potent marker of mitosis but also involved in transcriptional activation and meiotic maturation of oocytes (41). Note that H3S10ph was mainly enriched in nonmitotic fractions of histones.
We were intrigued by the idea that the total global population of histone modifications may provide a simple "index" to categorize a particular cell type. Therefore, we tabulated the relative abundance of each histone modification as apparent in the western blots in Figure 3 . We approximated relative quantitation comparing bands within each blot, and not between discrete blots. The relative values ranged from no visible band to, at or close, to chemiluminescence saturation.
We categorized them as: not apparent by antibody; low abundance, midabundance, and highly enriched, as illustrated in Table I . We then tabulated these values for each modification and each cell type. We highlighted in red those modifications that have been correlated with transcriptional repression and silencing, those modifications that have been correlated with transcriptional activation in green, and those modifications correlated with cell-cycle transitions in blue.
Since the relative abundances of histone modifications was so dramatically different between cell types, we also performed twodimensional triton-acid urea / SDS gel analysis of a number of the histone samples. This technique resolves all of the histone proteins (core histones, variants, and H1 isoforms) into discrete gel bands suitable for analysis by immunoblotting or mass spectrometry (42). Figure 4a shows stored-histones in the egg run on a 2D TAU/SDS gel and coomassie-stained. Figure 4b shows acid-extract sperm histones run on a 2D TAU/SDS gel, while figure 4c shows the early-embryo equivalent pronuclei acidextracted histones run on a 2D TAU/SDS gel. Finally, Figure 4d shows somatic, terminally differentiated erythrocyte histones run on a 2D TAU/SDS gel. The major stained bands were cut out and subjected to digestion and mass spectrometry for positive identification of the proteins in each location. The identified histone and chromatin proteins are indexed below each gel corresponding to the number gel band. The full results, listing non-chromatin proteins, number of identified peptides, and the corresponding GI numbers for those identified proteins in the 2D gel are listed in tables in Supplemental Figure 3 . Note that the mass spectrometry analysis of the sperm histones showed peptides from all four core histones appearing in a majority of those spots; we have 8 eliminated listing of the overlap of core histones from Figure 4 .
For further identification of the location of the histone proteins on the 2D TAU/SDS gel, we immunoblotted the early-embryo equivalent (extract pronuclei) histones run on the gel. We blotted with antibodies against core histone H2A (Figure 5a ), histone H3 (Figure 5b) , and histone H4 (Figure 5c ). We observed that three spots on the 2D gel were recognized by the H2A antibody. Two of the spots are located at the known location of the canonical H2A and the embryo-specific enriched H2A.X (noted on gel, Figure 5a ). There was an additional higher molecular weight band detected (approximately 35 kDa). We confirmed that this isoform was indeed an H2A isoform by blotting with known H2A-modification specific antibodies ( Figure  5d ). H2A and H2A.X are both phosphorylated on Ser1 as observed on the typical mass (~15kDa) bands as well as the higher molecular weight band. MacroH2A may also be modified on those sites, although the amino acid sequence differs slightly; no report of macroH2A modification on S1 or R3 has been reported, however. Therefore, we also ran a collection of histones on SDS-PAGE and blotted with the acidic-patch H2A antibody and an antibody specific for the embryonic H2A.X (D.S., C.D.A, manuscript in preparation) (Figure 5e ). Note the appearance of the identical mass-shifted H2A modified isoform in the H2A.X-specific blot. These observations and the mass spectrometry analysis positively identify this high molecular weight band as an isoform of histone H2A and/or H2A.X.
As the mass spectrometry analysis of the gel slices in Figure 4c showed that ubiquitin peptides were present at that location in addition to peptides from canonical H2A and H2A.X and macroH2A, we attempted to probe these gels and 1D SDS gels of the histones with a number of anti-ubiquitin and anti-SUMO antibodies. However, these blots did not produce any signal (data not shown). This may be due to a very low level of ubiquitylated histone; however, we suspect that the antibodies are not adequate for robust detection of this modification. Furthermore, the mass shift (from ~15kDa core histone to ~35kDa) may indicate a "diubiquitylation", rather than mono-or polyubiquitylation, or may represent an unknown and completely different covalent modification.
Antibodies directed against macroH2A did not identify any proteins (data not shown) and only a single macroH2A peptide was identified upon mass spectrometry, compared to multiple peptides found for canonical H2A and H2A.X. Overall, these data suggest a substantial mass-shift modification of embryonic H2A.
DISCUSSION
We presented here the isolation and analysis of histones, histone variants, and histone posttranslational modifications from seven discrete cell types from the frog Xenopus laevis. This is the first reported "lifespan" analysis of global histone modifications from embryonic cell types to adult, somatic cell types. Furthermore, we presented a novel and robust approach for isolating the stored histones, complexed to chaperones, in the oocytes and eggs of the frog. Finally, we demonstrated the remodeling of histone and acid-extractable proteins that occur on chromatin upon fertilization and in the early embryo.
The histone code hypothesis posits that posttranslational modifications of histones, alone or in combination, promote specific DNA transactions (transcriptional activation, repression, chromatin compaction, cell-cycle transitions, etc) and encode epigenetic information (43).
Multivalency, or the combination of a number of binding effectors to increase the specificity of the code, specifically extends this hypothesis (44). This further 9 suggests that combinations of modifications on the histones are important for encoding epigenetic information regulating the usage of the underlying DNA. Therefore, this analysis of a larger landscape of histone modifications and the index for each cell type is a crucial step towards deciphering the histone code.
Isolation of stored histones in the egg-We first set out to analyze the histones in the Xenopus egg. However, we were unable to reliably isolate the stored histones by any of the approaches described in the literature, including the original alcohol precipitation as described by Woodland (45, 46) . The original presentation of that purification has been accepted as proof of the abundance of histones stored in the egg. However, the paper only demonstrates the presence of a population of proteins that runs on an acid-urea gel parallel to labeled marker histones.
Furthermore, in our hands simple acidification of the egg extract did not enrich histone proteins, nor did immunoprecipitation with anti-nucleoplasmin (the histone chaperone) antibodies appreciably enrich histones, suggesting that the histone proteins are highly shielded when stored in the egg (47). Conventional chromatography has been utilized to purify histones out of Xenopus eggs (48), but this procedure resolved the histones into many subpopulations and therefore not easily useful for further study. Therefore, we developed a novel approach for the isolation of histone proteins using heparin-sepharose, a chromatography resin that effectively simulates DNA and thereby captures the histones. Using this simple chromatography approach, we were able to recover the vast majority of the histone proteins from egg extract in a single fraction and in a highly enriched form in solution.
Note that we were unable to isolate the actual maternal chromatin, rather than the stored, pre-deposition histones, for analysis due to the small size of the chromatin relative to the egg and the exceedingly large number of eggs we would need to acquire an appreciable quantity for study.
Identification of histone variantsWe identified a novel H1 linker histone variant in Xenopus sperm called H1fx (alternatively called H1x) (49). The protein sequence is shown in alignment with human H1fx in Supplemental Figure S1 . This protein appears to be quite abundant on the sperm chromatin but rapidly lost upon pronucleus formation. It likely serves to assist the protamines and sperm-specific basic proteins in the exceedingly tight condensation of sperm chromatin. We also identified an H1B variant in sperm chromatin that we called H1B.Sp; this sequence is shown in Supplemental Figure S2 . The function and significance of these variants is presently unknown, although as they are only present in sperm, they are likely involved in the potent condensation of sperm chromatin.
We further show that histone H2A has a highly enriched population of H2A.X; this specific H2A.X isoform is to be described by us in a forthcoming paper (D.S., C.D.A, et al., manuscript under review). Finally, the H2A variant H2A.Z is at reduced levels in the egg, sperm, and early embryo, suggesting that its role in heterochromatin boundary formation (50) is not required until later in development. Since the egg is effectively a "reprogramming" machine, somatic molecular definitions of heterochromatin and euchromatin may not be fully delineated on embryonic chromatin, consistent with a reduced quantity of H2A.Z.
Identification of histone post-translational modifications-Intriguingly, the western blots with many histone post-translational modification antibodies show a distinct set of enriched modifications for each cell type. This strongly suggests that the accumulated, and perhaps multivalent, histone code of posttranslational modifications is, at a minimum, a marker of a particular state of differentiation. It might also suggest that the index of post-10 translation modifications could be predictive for a cellular state of differentiation, although we do caution that these results do not imply causality between a particular modification and cellular phenotype.
A number of obvious patterns emerged from this analysis of histone PTMs. First of all, preexisting lysine methylation was very low in the embryonic samples, in particular the oocyte, egg, and sperm. Aside from the abundant H3K9me3 in sperm, consistent with sperm as a transcriptionally silenced template, no other embryonic lysine modification was enriched to a level approaching any of the somatic cells. Reciprocally, arginine methylation was robust in the egg and oocyte, while mostly non-existent in the sperm (except perhaps for the sperm-specific basic protein 4). Arginine methylation has been correlated with pluripotency in early development and development of primordial germ cells (51,52), suggesting an important role for this modification subtype in specifying developmental roles. We also saw distinctly different patterns for mono-, di-symmetric, and di-asymmetric arginine methylation on histones H2A and H4, suggesting distinct roles for each of these modifications. Each of these subsets of arginine methylation may be catalyzed distributively by one or more enzymes (53). Finally, citrullination of the arginine or methylarginine may antagonize the methylarginine state (54). Methylarginine also appears to be less enriched in somatic and dividing cells (S3 and A6) and almost completely eliminated in terminally differentiated somatic cells (erythrocytes).
Remarkably consistent with the known examples of the histone code, the terminally differentiated erythrocytes, which are completely silenced and undergo little if any transcription (55), show the highest relative levels of silencing marks and low relative levels of activation marks. In particular, erythrocytes exhibit abundant H4K20me3, the prototypical heterochromatin modification as well as high levels of H3K9me3. It will be quite intriguing for future analysis to probe the change in these modifications, especially at important embryonic loci, upon reprogramming in egg extract. Since reprogramming of somatic nuclei requires progression through mitosis first (56), terminally differentiated cells may need to switch from high H4K20me3 levels to H4K20me1, or other cell-cycle associated PTMs. Active histone demethylases are likely to be important for this process as dilution via new histone deposition is unlikely to account for these putative changes.
We did not observe any clear correlation between lysine acetylation and state of development.
This is not surprising, as acetylation is considered among the most transient histone modifications and may perform more of its function by cis-chromatin electrostatic repulsion, rather than by recruiting trans-acting proteins. Sperm histones had no appreciable acetylation while oocyte and egg histones had abundant H4K5, K8 and K12 acetylation. H4K5 and K12 are known "predeposition" marks, associated with DNA replication and chromatin assembly (57). Since the histones stored in the egg are prepared for rapid chromatin assembly during early development, this observation is expected and consistent with previous observations. The existence of pre-deposition K8ac was previously unknown. Intriguingly, H3 was acetylated on K9 and K14 in the oocyte, but lost in the egg and regained in the early embryo, suggesting that H3 acetylation is dynamic in the early embryo. Our observations are reminiscent of the recent demonstration of the proposed "potentiating" role for H3K9me and H3K14ac pre-deposition modifications in cultured mammalian cells (58).
Finally, H3S10 and H2A/H4S1 phosphorylation were most abundant in the early-embryo equivalent fraction of histones, consistent with the rapid chromatin transitions 11 that occur in this sample and the known roles of these modifications in cell-cycle transitions and meiotic maturation (41).
Early embryo histone dynamics-The change in histone abundance and histone PTMs from the oocyte to egg to sperm to early-embryo were dramatic. This is not surprising considering the major biological rearrangements (changes in DNA:protein ratio, chromatin condensation, heterochromatin:euchromatin status, DNA replication, and transcription status) and changes in programming that occur during these transitions. Note the shift to linker histone B4, the embryonic linker histone, from the H1fx (similar to H5) in the sperm. There is also a pronounced accumulation of two distinct H2A isoforms that react with the acidic-patch H2A antibody in the oocyte and the egg, not present in the sperm. Most significantly, there are distinct changes in histone PTMs that are likely to be significant in the biology of reprogramming and embryonic pluripotency, highlighted in Table I . In particular, we point out that: the accumulation of H3K4 methylation, suggesting an acquiring competence for transcription; the establishment of H3K27 methylation in the pronucleus, which along with K4me may form bivalent domains that setup later developmental transitions (59); the loss of H3K9me3 from the sperm upon incubation in the egg extract and pronucleus formation, implying a loss of transcriptional repression; the shift in H4 acetylation from a very high level of "pre-deposition" marks when stored in the egg to a lower level when deposited in the pronuclear chromatin; and finally the exceedingly enriched H2A/H4S1ph in the earlyembryo, perhaps a mark of very actively turnedover histones within chromatin.
In summary, our data suggest that the state of relative enrichment of histone posttranslational modifications does vary dramatically from cell-type to cell-type and from embryonic to somatic cells. These observations are consistent with an indexing function for these modifications and relative abundances of histone variants to distinguish the molecular epigenetic signature for each cell type. Furthermore, by indexing cell types, these PTMs probably serve, in a localized fashion on discrete populations of nucleosomes within the cell, as a multivalent handle for effectors ("readers" and their associated remodelers and transcription machinery) to serve their function. We do note, however, that our observations do not support, nor do they refute, a "predictive" histone code, in which the recorded lifespan modification transitions have a casual effect on cellular outcome.
Further work is necessary to distinguish between the global relative abundance of these PTMs and their localized role in parallel sets of cell types. Newly developed techniques, in particular ChIP-Sequencing technologies, will be invaluable to deciphering the details of the molecular functioning of the histone code. Our continued use of the Xenopus model system will be especially fruitful, as it is uniquely situated for biochemical analysis of pre-and postdeposition histones, cell-free reconstitution of mechanisms, and probing the developmental significance of the histone code. Figure 1 . Isolation of histones from Xenopus tissue and remodeling in egg extract. a. Schematic diagram of different cell types used in this study. We pooled oocytes from Stages II-VI and separately pooled laid eggs. We subsequently prepared soluble extract and then applied the extract to heparin-sepharose to isolate purified histones. b. Coomassie-stained gel showing the applied and eluted fractions of proteins from egg extract applied to heparin-sepharose. The location of the core histones is indicated. Note that Xenopus egg and early embryo histones H2A, H2B, and H3 tend to migrate together in a single band on a high-percentage SDS polyacrylamide gel. c. Western blot of the fractions from the heparin-sepharose column, showing the retention and specific elution of histones H2A, H2B, H3 and H4. d. Coomassie-stained gel of acid-extracted histones from sperm chromatin (first lane) and sperm chromatin assembled in egg extract (so-called pronuclei chromatin) (second lane). The location of the core histones is noted. Also indicated are the identification of proteins in gel slices from each lane, as determined by mass spectrometry, including the sperm-specific histone H1fx and well as the spermspecific basic protein 4. Proteins that are acid-soluble and assembled on chromatin during pronucleus production in egg extract were identified by mass spectrometry. Those protein names are listed beneath the gel. e. Coomassie-stained gel of acid-extracted histones from erythrocyte chromatin (first lane) and erythrocyte chromatin assembled in egg extract (second lane). The location of the core histones is noted, as is the putative location of the somatic H1 types, although these were not positively identified by mass spectrometry. f. Listing of mass-spec identified proteins from indicated gel slice in 1d. gel run with isolated Xenopus pronuclei histones (early embryo equivalent histones). The numbered stained gel bands were cut out and subjected to mass spectrometry for identification. The identified proteins are listed below the gel. d. Coomassie-stained 2D gel run with isolated Xenopus erythrocyte histones. The numbered stained gel bands were cut out and subjected to mass spectrometry for identification. The identified proteins are listed below the gel. Figure 5 . Immunoblots of two-dimensional TAU/SDS gels from early-embryo equivalent (pronuclei) histones a. 2D gel run with isolated Xenopus pronuclei histones. The gel was immunoblotted with an antibody specific for histone H2A; this antibody will identify most H2A isoforms, as it recognizes the acidic patch in the histone fold region. b. 2D gel run with isolated Xenopus pronuclei histones. The gel was immunoblotted with an antibody specific for histone H3. c. 2D gel run with isolated Xenopus pronuclei histones. The gel was immunoblotted with an antibody specific for histone H4. d. 2D gel run with isolated Xenopus pronuclei histones. The gel was immunoblotted with an antibody specific for phosphorylated Ser1 of histones H2A and H4. e. Purified histones from egg, sperm, early-embryo equivalent pronuclei, and erythrocytes were run on a 17% SDS-PAGE gel and blotted for H2A and the embryonic H2A.X. The modified, mass-shifted, H2A isoform is indicated on the blot. 
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